INTRODUCTION
Gold artefacts are often considered as un-corroded items which can be analysed for their bulk composition by surface techniques probing thicknesses of one micron or more. All of these methods involve ion beam techniques using accelerators delivering particles in the MeV range. We have demonstrated that this statement is not absolute (Ruvalcaba and Demortier, 1996; Demortier and Ruvalcaba, 2005) , and that surface enhancement of gold (and consequently copper depletion) is often veriied in pre-Columbian jewellery items. he presence of this enhancement can be rapidly identiied by PIXE with incident protons of at least two diferent energies.
In the present study, we discuss the best experimental conditions required to quantitatively proile the elemental depth distribution of Au vs. Cu and Ag by PIXE and RBS, but also to analyse low concentrations of elements like Fe, Zn, Cd by PIXE, and low Z elements like Al, Si and S, which are often present as dust or remains of the alloying procedure, but at low concentration, in the surface grain boundary of the basic Au-Ag-Cu alloy.
Targeting Ion Beam Analysis techniques for gold artefacts
When a material is irradiated with charged particles like protons, deuterons, α-particles or other heavier ions, with energy ranging from a few hundred keV to a few MeV, the emission of photons, charged particles and neutrons makes available various spectroscopic methods of elemental analysis. he great majority of the interactions of the incident charged particles with the atoms of the irradiated material take place with atomic electrons: the incident particle progressively loses its energy and stops after crossing a distance R, known as the range. By interacting mainly with atomic electrons and since interaction with an atomic nucleus occurs only rarely, this incident particle does not experience an appreciable deviation. he range R is then nearly the total distance that the particle travels following a straight line in the material. R increases with the incident projectile energy (R ∼ E 1.8 ), and decreases with the atomic number Z and its mass M.
his property of a linear trajectory of protons in the materials allows us to use them to irradiate the material under analysis outside the vacuum of the accelerator. he incident beam crosses a thin foil of material (mostly aluminium, kapton or silicon nitride), as shown in Figure 1 , where we have compared the trajectories of incident protons and electrons on a metallic target. he simple linear trajectory of the incident protons contrasts with the complicated one of electrons. One immediately sees the advantage of using an external proton beam for the easy positioning of the artefact outside the vacuum chamber of the accelerator. Since the pioneering work of the LARN team in 1972 (Deconninck, 1972) , constant improvements of the external beam technology have been made in many laboratories involved in archaeometry. he interaction of the incident protons with the atomic electrons of the target (i.e., the sample under investigation) induces ionisation. When ionisation takes place in an inner electronic shell, a subsequent electronic rearrangement to return to an atomic equilibrium leads to the emission of characteristic X-rays: the analytical technique based on this atomic process is called PIXE (Particle Induced X-ray Emission). PIXE is a very sensitive method for the bulk and trace analysis of elements with an atomic number Z greater than 20. PIXE may also be used for the study of elements from Na to K, but the absorption of the low energy characteristic X-rays (1-3 keV) of these light elements into thick samples generally restricts the potentiality of the method for quantitative determination.
When an incident particle passes very close to the atomic nucleus, it may be elastically scattered. At very low impact parameters, an incident particle of mass m, lower than the mass M of the collided nucleus, can be scattered at an angle close to 180°. he spectroscopy of these backscattered particles (RBS) is often recommended for depth proiling of elements with thicknesses up to 30% of their own range. he energy of the backscattered particle is related to the mass of the collided nucleus and to the depth in the material at which the scattering took place. When protons are used as incident particles, K (called the kinematic factor) is very close to 1 for all the components of Au-Ag-Cu alloys (K = 0.94 for Cu, 0.96 for Ag and 0.98 for Au), and the depth proile is very limited. he use of heavier projectiles like α−particles (with K = 0.78, 0.86, 0.92 for Cu, Ag and Au, respectively) is not recommended, due to their low range in materials (about 12 times less than for protons), and consequently their important energy loss in the exit foil of the accelerator, which prevents the use of an external beam, apart from using a very narrow beam crossing a thin Si 3 N 4 membrane of 0.1 µm or so. Furthermore, the linear energy transfer of heavy incident ions in the irradiated sample would produce an undesired heating of the precious samples when the jewellery item is bombarded in the vacuum. As the cross-section for such elastic scattering is proportional to the Z 2 of the target atoms, RBS is better suited for the study of low concentrations of high Z elements in light matrices, and is then mostly incompatible with the study of low concentrations of copper and silver in gold-rich jewellery items. he probability for a Coulomb excitation of a target nucleus leading to the emission of a characteristic γ-ray is much lower than both the probability of backscattering leading to RBS and the probability of inner shell ionisation phenomena leading to PIXE. Consequently, PIGE (Particle Induced γ-ray Emission) is of particular interest for the study of light elements, where PIXE and RBS sufer from a lack of sensitivity and accuracy. For these light target elements, the energy of the characteristic X-rays is so low that they are absorbed into the material itself and RBS ofers a lower cross section.
If the energy of the incident particle is maintained below 3 MeV, no delayed radioactivity may be induced as in CPAA (Charged Particle Activation Analysis), typically performed at incident energies greater than 10 MeV.
he interaction of a loosely bound compound projectile (like a deuteron) gives rise to the emission of energetic protons after the stripping of the incident ion. his is known as NRA. For instance, the breakdown of the incident deuteron may be written as:
S. he stripping of the incident deuteron by a 32 S nucleus leads to the capture of a neutron in 32 S and leaves the 33 S nucleus in its fundamental state, with an emitted proton with a maximum energy. Various other procedures could be employed to leave the residual nucleus of 33 S in one of its (i = 1, 2, 3) excited states. he corresponding energies of the p i protons are then lower than those for p 0 . he stored energy in the excited 33 S * nucleus will shortly give rise to a cascade of characteristic γ-rays. Several groups of protons of diferent energies, as well as γ-rays, may be used for analytical purposes.
As deuterons of energies in the MeV range cannot approach heavy nuclei like Cu, Ag and Au due to the Coulomb barrier, this type of (d, p) reaction is particularly useful to complement PIXE and RBS. Sulphides are indeed expected to be sometimes present in solders of gold artefacts if ores were directly alloyed with a basic Au-Ag-Cu to obtain a low melting point alloy suitable for soldering. By using simultaneously (or sequentially) all these analytical techniques, one may achieve a very powerful characterisation of gold jewellery items.
We can then summarise our argument by this inal recommendation regarding ion beam techniques: PIXE is the most appropriate method for the elemental analysis of the gold items, achieving the necessary accuracy for a complete quantitative determination of medium and heavy elements; PIGE would be used only if it is compulsory to analyse light elements. RBS, usually recommended to provide depth information on medium and heavy elements, is generally not suiciently eicient for quantitatively separating information on Cu, Ag and Au components, due to the high content of Au, but would be interesting to use as a complement to the PIXE results on items which are non-homogeneous in their depth. NRA, inducing the transmutation of light elements, would complement PIGE in determining their depth proile. Below 3 MeV, no delayed radioactivity is induced.
Another popular, quantitative and non-destructive analytical technique whose performances are similar to PIXE is XRF. he methodology used to detect elements is exactly the same for PIXE and XRF. he main diference between the two lies in the ionisation process of the inner shells of atoms.
In XRF, the incident radiation is a photon whose energy is meant to be higher than the ionisation energy of the atom to be analysed, and also higher than the energy of the characteristic X-ray line to be detected. he depth from which the characteristic L lines of Au, and K lines of Ag and Cu are emitted is then deeper than for PIXE, due to the high energy of the Ag lines. Incident X-rays of about 35 keV are then necessary, which would involve an important absorption of emitted signals from Cu and Au. Working with lower incident photon energy would require to analyse Ag with their characteristic L lines which would concern a too low bulk information. Nevertheless, XRF is a powerful technique, much cheaper than PIXE, and is likely to be more extensively used than PIXE due to its easiness of transportation to museums and excavation sites.
TARGETING PIXE FOR GOLD JEWELLERY ITEMS
With the exception of trace elements, PIXE is a very appropriate technique for the quantitative analysis of major and minor elements in gold jewellery artefacts. To increase the sensitivity for the study of objects with low concentrations of Cu and Ag, it is often compulsory to selectively decrease the intensity of the AuL X-ray lines by inserting a thin foil (20 to 30 microns) of Zn (or Cu) between the target and the detector. he huge increase of the absorption at 9.66 keV for Zn and at 8.98 keV for Cu justiies their use in the iltering of gold L lines. A 20 microns-thick foil of Zn reduces the intensity of the Lα line by a factor of 45 and that of the Lβ line of Au by a factor of 11.5, but only by factors of 2.4 and 1.5 the Kα lines of Cu and Ag, respectively. One can see (Table 1) that, for an interference-free detection, the Kα lines of Cu and Ag, and the Lβ line of Au are the most appropriate. he calculation of the concentration of Cu would nevertheless include the computation of the escape peak of the Lα line of Au in the region of the Kα line of Cu. he Zn concentration would be impossible due to the complete interference of both Zn K-lines with the Ll and Lα lines of Au. he concentration of Cd (often useful for the detection of fakes or modern repairs) is not easy, due to the interference with the sum peak (twice 11.5 keV) of the very intense Lβ line of Au. he complete computation of the elemental concentrations is carried out using a home-made programme taking into account all the necessary physical processes, including the secondary luorescence induced mainly by the Au L lines in Cu (Van Oystaeyen and Demortier, 1983; Demortier and Morciaux, 1994) , or by using other commercial computer programmes.
Most of the PIXE users working in the ield of archaeometry select protons as incident particles in a non-vacuum geometry and tune their accelerator above 3 MeV (Calvo del Castillo et al., 2008; Bugoi et al., 2008; Migliori et al., 2008; Quarta et al., 2008; Mathis et al., 2008) . heir main arguments for this are:
-the higher the incident energy, the lower is the energy deposited in the exit foil;
-the higher the incident energy, the higher is the crosssection for X-ray emission for all the elements of the target (see Fig. 2 ).
Let us comment on this general attitude. In order to probe the maximum distance in the irradiated material, the maximum incident energy seems to be the most appropriate, and the sample is to be irradiated with its surface normal to the beam direction, as illustrated in Figure 1d . In this geometry, the X-ray detector (made with a silicon wafer) is situated at an angle of about 135° relative to the incident beam and the outgoing X-rays path is longer by a factor of 1.42 relative to the incident particle path.
In Table 2 we provide the proportion of outgoing characteristic X-rays of Cu, Ag and Au for a series of typical gold alloys. One can observe (irst line in the table) that only 22.5% of the entire intensity of the Au Lα produced by 3 MeV protons may escape from a homogeneous alloy (50% Au, 25% Ag and 25% Cu sample), but this proportion increases up to 67.8% when the incident energy is lowered down to 1 MeV. he detected Kα line of Cu follows the same trend, but the Ag Kα is much less afected by this absorption efect. At proton incident energies above 2 MeV, most of the emitted X-rays of Cu and Au are absorbed in the target itself. For low concentrations of copper in gold rich Element X-ray Energy (keV) Selection Remarks Interference artefacts, this absorption efect reaches 85% at 3 MeV (last line in Table 2 ). he quantitative determination is then very highly afected by irregularities in the artefact's surface or by the incorrect reproducibility of the sample surface orientation relative to the direction of the incident beam. We also observe that the absorption of the Lα line of gold is much higher than the absorption of the Lβ line, justifying the reason for selecting this Lβ line for the calculation of gold concentration. Due to its high energy, the Kα line of silver is less sensitive to any absorption efect. A careful choice of the position and of the size of the zinc ilter is compulsory in order to avoid additional detection of zinc K X-ray lines in the detector. his luorescence efect has been extensively discussed in previous works [Demortier et al., 1993; Demortier and Morciaux, 1994) . When all the parameters of the geometry of detection are known, PIXE is an absolute method of analysis, but the technology is even more straightforward when the measurement is made by comparison with a homogeneous reference material containing all the elements of interest. Incident beam intensity, detector eiciency, detector solid angle, duration of the irradiation, computation of absorption of X-rays in the material between the sample and the detector would not be measured (Demortier et al., 1990) .
DIFFERENTIAL PIXE FOR DEPTH PROFILING OF GILDED ARTEFACTS
A layered structure cannot be detected by PIXE using incident protons at a single energy. As explained above, RBS is not able to easily separate scattered particles on Cu, Ag and Au. Diferential PIXE is able to achieve this goal even for thicknesses up to 10 µm (Demortier and Ruvalcaba, 2005) . he CuKα/AuLβ intensity ratio is very diferent for a homogeneous material or a layered structure, and this ratio varies in opposite ways if the material is irradiated at various incident proton energies. he explanation is given in Figure 4 . In full lines we give the variation of the CuKα/AuLβ ratio for a layered structure and in doted lines the behaviour for homogeneous alloys. hus, if a sample made of pure Cu covered with a 4 µm thick layer of gold is irradiated with 1.8 MeV protons, the ratio is 0.86 (point A), but increases up to 2.05 if the incident proton energy is 2.6 MeV (point B), and decreases down to 0.17 (point D) if the proton energy is 1.2 MeV. At 1.8 MeV, this ratio of 0.86 would correspond to a homogeneous alloy containing 92% Au and 8% Cu, but this ratio would decrease down to 0.71 at 2.6 MeV and increase up to 0.96 at 1.2 ΜeV. he variations are then in the opposite directions. Furthermore, the variation is very sharp for a layered structure, and smooth for a homogeneous alloy. he slope of the variation of the CuKα/AuLβ ratio is increasing when the incident proton energy is decreased. he choice of an incident energy in the region of 2 MeV is then optimal. In addition to a lower absorption of the X-ray lines at lower proton energy, we add now a better capability to detect surface enhancement or depletion.
In order to apply this diferential PIXE technique to materials with a depth proile down to several microns, measurements of the CuKα/AuLβ ratio are to be made at n diferent proton energies to obtain the Cu/Au intensity ratio in n-1 layers and in the bulk. For instance, if we assume that the anthropo-zoomorphic pendant (Quimbaya Peru -1000 to 1600 AD) shown in Figure 5 is homogeneous, conventional PIXE data obtained with protons of energies ranging from 0.6 to 2.6 MeV would give contradictory results (Table 3) for the analysis at the same impact on the sample but at diferent incident beam energies. hus, the Cu content appears to be 8.6% at 0.6 MeV incident proton energy (in that case, most of the signal comes from the irst 2 microns below the surface), but increases up to 18.7% at 2.6 MeV proton energy (most of the X-rays are coming in this case from a thicker layer, of about ten microns). he sample is then certainly not homogeneous in depth, but is highly enriched in gold on the surface. Repeating the measurement at 7 diferent proton energies, we have computed by an iteration method (similar to the one used for RBS spectra) that the depth distribution of Cu varied from 0 to 28% from the surface to a depth of 1.7 micron below the surface. he identiication of nearly no copper on the surface was veriied using PIXE with incident low energy α particles. Diferential PIXE has also been applied to other materials (Smit et al., 2008) .
DETERMINATION OF TRACES OF SULPHUR AND ZINC IN ANCIENT GOLD ARTEFACTS
PIXE has been successfully applied for the purposes of topographical elemental analysis of Cu, Ag, and Au in jewellery items. he composition of the material in narrow regions of minute solders on antique gold artefacts may provide valuable information regarding the workmanship % X-ray 3.0 MeV 2. In several previous papers, we have discussed the hypothesis that, in ancient times, cadmium sulphide (a yellow mineral with a colour close to that of gold) may have been 'alloyed' with gold to obtain a material suitable for brazing. To test this hypothesis, an experimental procedure for the analysis of traces of sulphur in gold artefacts was developed. It is indeed expected that during the ancient alloying procedure, traces of sulphur from the cadmium sulphide were introduced in the brazing alloy. he detection of energetic protons induced by a deuteron bombardment of the specimen under investigation was achieved. he best experimental conditions for sulphur determination are obtained by (d,p) reactions at E d = 1.9 MeV and a detection angle of protons around 165° (Demortier and Gilson, 1987) . S signals are well separated from those of Si, Mg, Cl, Ca (for p 0 ) and Al, P, Cl, K, Mg (for p 1 ). he complete discussion is provided elsewhere.
Sulphur and silicon (always introduced in metals when heating ores in ancient metallurgy) are of crucial importance for the understanding of ancient technologies. Sulphur (in blende and greenockite) and silicon (in a number of minerals) may be expected to be present in narrow parts of solders made during the brazing of ancient gold artefacts. he detected concentrations of S and Si were in the range of 50 to 120 ppm. he concentration of Cd was simultaneously determined by the detection of characteristic X-rays induced by the deuteron beam. his presence of residual sulphur (only at trace level) indicates that at least 95% of S was lost during the alloying procedure. he presence of traces of Si and often also traces of Al can be also attributed to dust inclusions in narrow regions of solders (Demortier and Gilson, 1987) .
Cadmium ores (and mainly CdS) always contain zinc as impurities. Modern brazing alloys containing Cd are Zn free or have a Zn concentration of about 20% of the Cd concentration. he measurement of the Zn/Cd ratio would therefore be of great interest for diferentiating brazing alloys containing Cd of ancient or modern origin. As the measurement of Zn in gold rich alloys is impossible by PIXE due to . he irradiation of a pure Ge target with protons (and not with electrons, in order to avoid any contribution of Bremtrahlung) produces X-rays of 9.89 and 10.98 keV, which are suicient to extract K-shell electrons from Zn but not the L-shell of gold (see Figure 3) . he same arrangement, using As as primary target, has been used by the team of M. Guerra to detect traces of Pt in gold (Guerra and Calligaro, 2003; 2004) . he experimental assembly is shown in Figure 6 . Our personal view on the possible use of Cd-Cu-Ag-Au alloys in antiquity has been extensively discussed, but our conclusions are far from being generally accepted 1989; 1992; Meeks and Craddock, 1991) .
CONCLUSIONS
Of the diferent ion beam analysis techniques (PIXE, RBS, PIGE and NRA), PIXE is the most appropriate technique using low energy accelerators for the analysis of gold jewellery artefacts. A careful choice of the characteristic X-ray lines may help one avoid interferences in the identiication of signals of selected elements, such as Zn or Pt. XRF induced by PIXE ofers additional possibilities of interferencefree analyses. Irradiation at various incident proton energies ofers the possibility to detect and to quantitatively and nondestructively proile major elements up to 10 microns below the surface. he choice of an incident proton energy around 2 MeV ofers the advantage of a sharp variation of the X-ray emission cross, useful in order to easily distinguish a layered structure from one with a homogeneous distribution of the elements.
